Stomatal oscillation has been described as an efficient mechanism to prevent water loss, decrease the transpiration rate and to improve water use efficiency under severe drought conditions. Former researches demonstrated that ABA-induced H 2 O 2 production and H 2 O 2 -activated Ca 2+ channels were important mechanism for ABA-induced stomatal oscillation. In this study, how sensitivity to abscisic acid (ABA) regulates stomatal oscillation was investigated with Arabidopsis thaliana mutants (abi1-1, insensitivity to ABA and era1-2, hypersensitive to ABA) and wild types. The results showed that (1) hypersensitivity to ABA strengthens stomatal oscillation and closure induced by ABA; (2) insensitivity to ABA abolishes stomatal oscillation and closure induced by ABA; and (3) there is a positive relationship between stomatal oscillation, closure and sensitivity to abscisic acid. The data indicates that sensitivity to ABA may regulate stomatal oscillation and closure in Arabidopsis thaliana. 
The stomata functions as the gate between the plant and the atmospheric environment. Stomatal oscillation, as a special rhythmic stomatal movement, can keep CO 2 absorption at a sufficient level and reduce water loss at the same time, suggesting a potential improvement in water use efficiency (Upadhyaya 1988 , Pei et al. 2000 , Kaiser and Kappen 2001 , Wang et al. 2001 , Yang et al. 2003 . In recent years, researches have concentrated on the mechanism of stomatal oscillation induced by environmental stress , Pei et al. 2000 , Yang et al. 2003 .
Stomatal opening is associated with net influx of K + at the plasmalemma and either influx of chloride or synthesis of malate in the cytoplasm, whereas stomatal closing follows net efflux of K + and anions from the guard cells (Thiel et al. 1992 , Roelfsema et al. 2001 . Evidences shows that cytosolic calcium ([Ca 2+ ]cyt) may also play a central and primary role in stomatal movements, and [Ca 2+ ]cyt changes regulate the stomatal opening and closing (Gilroy et al. 1991 , Yang et al. 2003 , Allen et al. 1999 , Pei et al. 2000 . McAinsh et al. (1995) not only provided the first demonstration of [Ca 2+ ]cyt oscillations in the guard cell but also showed that the strength of the external stimuli was related to both the oscillation pattern and the magnitude of the final stomatal response. Furthermore, ABA has been shown to inhibit inward K + channels and stimulate plasma membrane anion channels independent of changes in the intracellular Ca 2+ concentration (Levchenko et al. 2005) . The role of calcium and ABA in controlling stomatal oscillation is becoming clear with the application of new molecular genetics and
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imaging techniques (Sanders et al. 1999 , Staxén et al. 1999 , Hamilton et al. 2000 . The relationship between ABA sensing and stomatal oscillation still remains unclear.
We have shown that calcium oscillations can induce stomatal oscillations, although small in magnitude, after inducing a rapid decline in the aperture by using calcium and ABA treatments (Yang et al. 2003) . Here, we hypothesize that sensitivity to ABA in guard cells regulates stomatal oscillation and closure. If this hypothesis is true, we can predict that stomatal oscillation and closure in dose and time dependent ways may change in response to a high ABA buffer for sensitivity to the ABA in the guard cells.
In Arabidopsis, expression of ABI1 and ERA1 genes may mediate sensitivity to ABA signalling respectively (Koornneef and Karssen, 1984, Cutler et al. 1996) . ABI1 gene encodes for a member of the 2C class of protein serine/threonine phosphatases (PP2C) and the abi1-1 mutation markedly reduces ABA responsiveness (Leung et al. 1994 , Meyer et al. 1994 , Gosti et al. 1999 . ERA1 gene encodes for farnesyltransferase, which mediate membrane targeting of specific soluble signalling proteins, enhances sensitivity to the ABA signal transduction in seeds and guard cell (Pei et al. 1998 (Pei et al. , 2000 . So, these Arabidopsis mutants provide good experimental materials to test the above hypothesis.
In this study, Arabidopsis thaliana mutants (abi1-1, insensitive to ABA and era1-2, hypersensitive to ABA) and wild type were used to study whether guard cell sensitivity to ABA affect stomatal oscillation and closure.
Plant material and growth conditions
Arabidopsis thaliana mutants (abi1-1, insensitive to ABA and era1-2, hypersensitive to ABA) and wild type were grown in a 12 hd-1 photoperiod at 100 μmol m -2 s -1 photosynthetic photon flux density at 22±2ºC for 6-8 weeks. The lower fully expanded leaves of the 4-week-old plants were harvested. The epidermis was carefully peeled from the abaxial surface (Yang et al. 2003) and used for the following measurements.
Steady treatments with extracellular Ca 2+ and ABA
Leaf abaxial epidermal strips were incubated in light (1200-1600 μmol m -2 s -1 at 20±2ºC ) for 2 h in a buffer that contained 50 mM KCl and 10mM MES-Tris with a pH of 6.15 (MES-KCl) to induce stomatal opening. Then, the epidermis was transfered to a buffer containing 50 mM KCl, 50 mM mannitol and 10 mM Tris-MES with a pH of 8.3 in the presence of CaCl 2 , or ABA respectively. Optimal concentrations of CaCl 2 and ABA were determined from dose-dependent curves.
Rapid exchange treatments with extracellular Ca 2+ and ABA After incubation in light condition for 2 h in a MES-KCl buffer to open the stomata, epidermal strips were transferred to buffers containing 100 mM KCl, 0 CaCl 2 and 10 mM Tris-MES with a pH of 6.15 (depolarizing buffer) and 0.1 mM KCl, 10 mM CaCl 2 and 10 mM Tris-MES with a pH of 6.15 (hyperpolarizing buffer). Similar, protocols were carried out in the presence of ABA instead of CaCl 2 at 10 M.
Stomatal aperture measurements Individual stomatal apertures were observed every 1-2 min after treatment with a digital video camera (model VCB-3524; Sanyo, Tokyo) attached to an inverted microscope (Diaphot 300; Nikon, Tokyo). The width of the stomatal aperture as well as the height of the stomata were measured using image analysis computer software (Scion Image; Scion Corporation, Frederick, MD; and National lnstitutes of Health, Bethesda, MD). The inner edges of the guard cells whose height was between 16 and 22 μm were focused, and the apertures of usually 15 to 30 stomata were measured for each treatment. Data analyses including statistical t tests were performed using Microsoft Excel software (version 5.0; Microsoft Corporation, Redwood, CA). Data was also analyzed by plotting the ratio of stomatal aperture to height (Roelfsema and Prins 1995) as a function of treatments that showed similar results to the illustrated stomatal aperture results. Mean stomatal apertures were described as At. Data was presented as mean±S.D. of mean. 
MATERIAL AND METHODS
Analyses of data
All experiments were repeated at least three times and the representative data was presented. Data was analyzed by One-Way ANOVA, using SPSS for windows 10 (America, SPSS Company, Chicago) and the means in each treatment was compared using the Least Significant Difference (LSD) test at P<0.05 (LSD).
Whether the stomatal aperture decreased significantly in time and dose-dependent ways depended on the guard cell ABA sensing. Stomatal aperture declined with time (timedependent), and pore width deceased by 35% and 45% after 60 min of treatment with ABA in the wild type and era1-2 respectively, while the stoma reduced pore width was inhibited in abi1-1 ( Fig. 1 and Table 1 ). For ABA treatments, stomatal apertures in the wild type decreased by 20% at 4 μM ABA and closer to 35% at 10 μM ABA, less than that in era1-2 at 10 μM (Fig. 2, and Table 1 ). While for abi1-1, the decrease in stomatal aperture in the dose-independent way was shown to be abolished after 60 min ( Fig. 2 and Table 1 ).
The stomatal oscillation frequency of three genotypes of Arabidopsis was also influenced by the sensitivity to ABA (Table 2) . Under control conditions, stomatal oscillation did occur (no ABA or Ca 2+ ) and the frequency was low (0.12~0.16). After treatments with ABA, the frequency of oscillation increased (0.47~0.52), especially when rapid exchange treatments were used (0.79~0.82) in wild type and era1-2. However, ABA treatment did not cause stomatal oscillation to a high frequency in abi1-1 (Table 2) . Under steady ABA treatment, stomatal oscillation occurred after a sharp decline in stomatal aperture, while no obvious oscillation occurred in abi1-1 (Fig. 3) . Under hyperpolarizing/depolarizing buffer conditions, stomatal oscillation could be induced by ABA treatment for all three Arabidopsis except abi-1 (Fig. 4) .
Meanwhile, all data indicated that sensitivity to ABA did not affect stomatal aperture and oscillations with Ca 2+ treatments. The stomatal aperture of the three Arabidopsis decreased significantly in the time-and dose-dependent way (Figs. 1 and 2 and Table 1) . Also, Table 2 shows that the frequency of stomatal oscillation increased from 0.14 to 0.81 after Ca 2+ treatment in the three genotypes of Arabidopsis. Stomatal oscillations induced by Ca 2+ treatment were free of the sensitivity to ABA in the three genotypes of Arabidopsis (Fig. 3 and 4) .
Previous reports have shown that ERA1 and ABI1genes may act upstream of the calcium influx (Pei et al. 1998) . The anion channel activation may occur via a calcium- of six independent experiments and error bars indicate±SD of mean (n= 6 leaves comprising 60 stomata). Significant differences at P<0.05 are indicated by different letters for different treatments and genotypes using the LSD test independent pathway in the era1-2, as proposed by Allen et al. (1999) and Li et al. (2000) . The cytosolic calcium increase occured in guard cell protoplast pre-exposed to ABA and resulted in the ABAhypersensitive activation of anion channels, even though the calcium was buffered subsequently to 280-nM during the patch clamp experiments (Pei et al. 1997) . Besides, previous studies with the abi1-1 and abi2-1 PP2C mutants demonstrated that the addition of external calcium resulted in stomatal closure in both the wild type and mutants by activating processes downstream of the increases of cytosolic calcium (Allen et al. 1999) . This suggest that the external Ca 2+ -induced Ca 2+ oscillation pathway differs from the ABA-induced Ca 2+ oscillation pathway (Allen et al. 1999 ). This hypothesis is strengthened by the finding that the det3 mutant affects the external Ca 2+ pathway, but not the ABA signalling pathway , and was proved indirectly by our data. Values are means of six independent experiments and error bars indicate ±SD of mean (n= 6 leaves comprising 60 stomata). Briefly, this study showed that (1) hypersensitivity to ABA strengthen stomatal oscillation and closure induced by ABA; (2) insensitivity to ABA abolishes stomatal oscillation and closure induced by ABA; and (3) there is a positive relationship between stomatal oscillation and closure and sensitivity to abscisic acid. This data indicates that sensitivity to ABA may regulate stomatal oscillation and closure in Arabidopsis thaliana. Error bars indicate ±SD of mean.
Values of aperture (width/length) are means of six independent experiments. Error bars indicate ±SD of mean (n= 6 leaves comprising 60 stomata). Significant differences at P<0.05 are indicated by different letters for different treatments and genotypes using the LSD test. Values are means of six independent experiments. Error bars indicate ±SD of mean (n= 6 leaves comprising 60 stomata). Significant differences at P<0.05 are indicated by different letters for different treatments and genotypes using the LSD test. Table 2 . The frequency of stomatal oscillation (oscillation stoma/total stoma) in the strips of Arabidopsis thaliana leaves under control conditions (no treatment), steady treatments (presence of CaCl 2 or ABA) and rapid exchange treatments (hyperpolarizing/depolarizing buffer) conditions.
